This paper investigates the performance variation when a different number of antenna elements (AEs) is integrated onto a single MIMO mobile terminal, both in free space and when held in a user hand in data mode. Starting with a minimum of two AEs, this investigation assessed the performance of the MIMO terminal with every additional two AEs (up to 18 AEs) in terms of envelope correlation coefficient (ECC), efficiency, multiplexing efficiency, capacity and maximal ratio combining (MRC). The integrated MIMO antennas are identical and operate between 5 and 6 GHz for 5G applications. Results indicated that ECC increased with the number of AEs. However, ECC remains less than 0.32 for the case of 18 AEs in both free space and with a user hand. Meanwhile, the free space efficiency of about 90 % for the two AEs is observed to decrease with the increasing number of AEs to about 50 % with 18 AEs. However, the efficiency of elements changes with user hand depending on the level of interaction between each element and the hand. Direct blockage of AEs by the hand resulted in efficiencies of as low as 5 %, while at the same time, other AEs retained an efficiency of up to 75 %. At the center frequency of 5.5 GHz, the free space capacity is 11.1, 49.5 and 83.2 bit/s/Hz with two, ten and 18 AEs, respectively. However, the use of the mobile terminal in the proximity of the user hand degraded these levels by 11 % (two AEs), 35 % (10 AEs) and 31 % (18 AEs). Finally, multiplexing efficiency showed that capacity degradation is caused mainly by the degradation of AEs efficiency, whereas the impact of low correlation between AEs is found to be an insignificant factor. In addition to the capacity analysis, gain and diversity gain of the maximal ratio combining technique was also investigated.
I. INTRODUCTION
Multiple input multiple output (MIMO) antennas have been intensively researched for wireless communication systems for more than two decades due to their capability in The associate editor coordinating the review of this manuscript and approving it for publication was Zhen Gao . achieving high data rates, improving link reliability and immunity against interference without demanding more transmit power or bandwidth [1] - [3] . The elements of MIMO antennas are required to be ideally highly efficiency and lowly correlated within the operating frequency range. Besides that, they should be low cost and strategically installed onto the chassis [4] . Moreover, the MIMO antenna performance also depends on the propagation environment and its richness in multipath between the transmitter and receiver [5] , [6] . However, the performance of MIMO antennas on user mobile terminal can potentially be restricted when the device is held in different data or talk modes [7] . Using the device in the vicinity of user body causes variation in the radiation pattern of AEs, increases radiated power absorption as well as changes their bandwidth and resonant frequency [8] . Studying the effect of user body on the MIMO antenna of the mobile terminal and proposing some techniques to mitigate this effect is an important research direction in the field of MIMO antenna design for mobile terminals, for example [9] - [14] .
Aggregate data rate in 5G wireless communication systems is anticipated to be 1000 times faster than the previous generation, i.e. 4G with more reliability of the wireless link [15] . Thus, MIMO antennas are one of the main factors to enable the achievement of this. Unlike 2G, 3G and 4G systems, in which 2-element and 4-element MIMO antennas have been used in the mobile terminal and are sufficient to fulfill the system requirements, the 5G system needs a higher number of MIMO AEs to achieve the envisioned speed [16] . However, more AEs consume more system resources and increasethe complexity of signal processing. Moreover, the limited space on the user handset restricts the number of AEs that can be placed,and the performance of adjacent AEs degrades with shorter separation distances between them. Thus, the selection of an optimal number of AEs for massive MIMO on the 5G mobile terminal is an important issue to balance the tradeoff between the consumption of available resources and improving system performance. Many sub-6 GHz 5G massive MIMO antennas for mobile terminal have been proposed in the literature. Several instances include an 8-element MIMO antenna for 5G system proposed in [17] - [22] , a 10-element MIMO antenna in [23] and [24] , a 12-element MIMO antenna in [25] and [26] , and a 16-element MIMO antenna in [27] . However, an important aspect absent in these works is the justification in selecting the particular number of elements in each design. Moreover, the performance of these MIMO terminals was studied with a fixed number of AEs, without considering any lower or higher number of AEs as a comparison, and how their increase/reduction will affect the final performance of the MIMO terminal. Finally, the assessments of the use of these MIMO terminals in practice, when held in a user hand, were only discussed in several of these works.
In this work, the performance of 5G MIMO antennas with a varying number of AEs integrated on a mobile terminal is investigated in free space and in the proximity of a user hand. This is aimed at assessing the physical and performance limits of up to 18 identical MIMO antennas integrated within a single mobile terminal chassis and to determine strategies to optimize them. This mobile terminal is studied with different numbers of AEs (M ) integrated symmetrically onto its chassis (i.e. 2, 4, 6, 8, 10, 12, 14, 16, 18-elements) , and the performance metrics for the MIMO antenna and link metrics are presented. All MIMO antennas are designed to operate throughout the potential 5G frequency band from 5 to 6 GHz, which consists of LTE band 46 ranging from 5150 MHz to 5925 MHz. Although this band is still unlicensed, many MIMO antennas for mobile terminal operating on this band have been proposed and evaluated, for example [8] , [26] , [28] - [32] . The PIFA topology chosen as the subject of this investigation due to its wide application in mobile terminals. This choice is made with the confidence that the results from this investigation may potentially cater to a wide audience within the scientific community. Finally, the effect of the user hand in this work is investigated when the chassis is held in data mode using a standard hand phantom model compliant to the cellular telecommunication and internet association (CTIA) [33] .
This paper is organized as follows. The next section presents the MIMO terminal, antenna design and the initial antenna performance. Section 3 then presents the evaluation metrics, which are derived from discrete radiation pattern data. The results are discussed next in Section 4 prior to the conclusion in Section 5.
II. MIMO ANTENNAS DESIGN
Identical planar inverted-F antennas (PIFAS) have been designed on a chassis using CST microwave studio, as illustrated in Figure 1 . These AEs are built using a 0.291 mm-thick copper sheet, and are then located on a Rogers RT/Duroid 5880 substrate dimensioned at 150 × 80 × 1.575 mm 3 . Based on the wavelength (λ) at 5 to 6 GHz, the length of the chassis is between 2.50λ and 3.00λ, whereas its width is from 1.33λ to 1.60λ. This substrate features a permittivity, ε r = 2.2, loss tangent, tanδ = 0.0009. The antenna element is FIGURE 1. Dimensions of AEs and chassis. VOLUME 8, 2020 also chamfered at the corners to tune the resonant frequency. An L-shaped 50 microstrip feed line printed on the substrate is used to feed this antenna.
Different numbers of AEs are then located onto the chassis, with their distribution for each M from 2 to 18 shown in FIGURE 2. AEs are placed on the outer frame of the chassis symmetrically around the central vertical axis. Besides evaluation in free space, the device is also evaluated when held in a user hand in data mode in terms of S-parameter and radiation patterns. An example of the S-parameters and radiation pattern results for M = 2 are shown in Figure 3 . It can be observed that S 11 = S 22 in free space, and the radiation patterns of AE1 and AE2 are symmetrical due to the symmetrical placement of these elements on the chassis. However, the influence of the user hand then made the S-parameters and radiation patterns behaved differently.
III. PERFORMANCE EVALUATION METRICS
This section presents the evaluation metrics that are used to evaluate the MIMO antenna performance in this work. These metrics can be divided into two categories; i) MIMO antenna metrics and ii) MIMO link metrics. Metrics related to MIMO antenna are envelope correlation coefficient (ECC), total efficiency and mean effective gain (MEG). These metrics are used to evaluate other MIMO link metrics. More specifically, ECC and total efficiency are used to build the wireless channel matrix to study the ergodic capacity and multiplexing efficiency. Besides that, ECC and MEG are used in the model of maximal ratio combining (MRC) technique.
A. MIMO ANTENNA PERFORMANCE EVALUATION METRICS
ECC is one of the main performance metrics of MIMO antennas for mobile communications [34] . ECC describes the correlation (dependence) between every two AEs among all combinations of MIMO AEs. To obtain a satisfactory MIMO antenna performance, ECC should be low so that channels are uncorrelated, and the resulting system has a high diversity and high capacity [35] . The value of 0.5 is widely used in the literature as an acceptable threshold for ECC [36] . However, this value has been revised to 0.3 in 4G wireless communication systems criterion [37] . The ECC (ρ e,jk ) between AEs i and j can either be calculated using the S-parameter method or from the far-field radiation pattern. However, the S-parameter method is derived based on the assumption of 100% efficient AEs, which is non-existence in practice. Moreover, this method assumes a uniform environment, where the signal incidence is assumed to be equally distributed from all spatial directions. This does not consider other more directive environment models, where the signal may come from certain directions with predefined angular spreads [38] . The far-field radiation pattern method overcomes the above disadvantages, and ECC for this method can be calculated according to [38] , (1) as shown at the bottom of this page, where XPR is the cross-polarization ratio between vertical and horizontal polarized components, and E θi , E θj E φi , E φj are the far-field components of AEs, with the θ and φ subscripts denote the vertical and horizontal polarizations, respectively. Parameters P θ and P φ are the corresponding angular power spectrums (APSs) of the propagation environment which should satisfy the following conditions:
The next parameter is the total efficiency η of an AE, which describes the portion of power radiated out into space in comparison to the total transmitted power. This parameter can be calculated from the far-field radiation pattern of the antenna using the following formula [39] :
where E θ and E φ are the radiation pattern fields of the AE in the vertical and horizontal polarizations, respectively. The next evaluation parameter is the mean effective gain (MEG), which quantifies the ability of the antenna to collect energy from the surrounding environment [33] , [39] . MEG is calculated from the far-field radiation pattern according to the following relation [40] :
where E θ , E φ , P θ and P φ are the radiation pattern fields of the antenna, and the APS distribution of the incident wave respectively. XRP is the cross-polarization ratio.
In case of a uniform environment, the XPR value is 0 dB and P θ = P φ = 1/4π . Substituting these values in (4) and comparing it with (3) gives [40] :
The relation in (5) is only valid for uniform APS. For other directive distributions, (3) and (4) should be used separately to calculate η and MEG.
B. MIMO LINK PERFORMANCE EVALUATION METRICS
The proposed wireless channel model in this work is based on the model used in [41] - [45] . This model assumes the same number of antenna elements on both sides of the link, and it focuses on the receiver side with an assumption of an ideal MIMO antenna (i.e. 100 % efficiency of the AEs and zero ECC between the) on the transmit side. Moreover, the channel matrix is constructed using two antenna parameters i.e. efficiency and ECC to show how the MIMO antenna under study affects the capacity and gain of the link. In addition to that, the proposed scenario assumes that the channel state information (CSI) is not known at the transmitter. On the receiver side, the ECC and total efficiency are used to build the correlation matrix, which is used to modify an ideal wireless channel matrix, i.e. an independent and identically distributed (IID) wireless channel matrix. This modification is performed to factor in the non-ideality of the wireless channel in practice, according to the following equation [45] :
where R is the correlation matrix and H IID is the IID channel matrix. The correlation matrix R is built as follows
where is the efficiency diagonal matrix, which diagonal elements are the efficiency of AEs, defined
as follows:
andR is the complex envelope correlation matrix defined as [46] :
The complex envelope correlation coefficient ρ c,ij is calculated in a similar way to the ECC in (1) but without the squared absolute value operator. The ergodic capacity can be calculated after constructing the channel matrix H as follows [38] : (10) where E is the averaging operator, I M is the identity matrix of size M , SNR is the signal-to-noise ratio, and M is the number of AEs The next parameter which describes the channel capacity performance is the multiplexing efficiency η mux . It is defined as the ratio between the signal-to-noise ratio of the IID MIMO system (SNR IID ) and the signal-to-noise ratio of the MIMO antenna under test (SNR AUT ). Both MIMO antennas at these SNRs have the same ergodic capacity. The value of η mux is then calculated from these linear SNRs as follows [45] :
or when these SNRs are on a dB scale:
Numerically, η mux can be calculated by selecting a SNR IID value and applying it in (10) with IID channel matrix to find the IID ergodic capacity c IID . The SNR AUT is selected to be SNR IID + δ, where δ is a small amount of signalto-noise-ratio. This SNR AUT is used in (10) with a channel matrix according to the model in (6) and (7) to calculate AUT ergodic capacit c AUT . Both ergodic capacities i.e. c IID and c AUT are compared, and the process of updating SNR AUT is repeated until both capacities are almost equal within a certain error range. Then η mux is calculated as in (11) using SNR IID and using the most recent value of SNR AUT . However, this approach to find η mux is numerically complicated, and more importantly, it does not provide a direct link between the MIMO antenna parameters, i.e. ECC and efficiency with th η mux . The method which was used in the literature is derived in [45] . This method links η mux with MIMO antenna parameters, i.e. ECC and efficiency as follows:
where η i is the efficiency of i-th AE and det(R) is the determinant of the complex envelope correlation matrix. Besides its compact form, (13) can be used directly without the need to evaluate ergodic capacity for SNR IID and every updated SNR AUT value. Besides that, this equation relates the antenna parameters directly with η mux in two terms, as follows. The first ter M M i=1 η i is the geometrical mean of the individual AEs efficiencies. The second term is M det(R) which depends on the correlation between AEs. This term approaches 1 when all complex correlation coefficient between AEs are close to 0. Optimizing both terms leads to an improved η mux of the MIMO antenna, and hence achieving a closer level to the IID capacity.
The final MIMO link performance metric is related to the maximal ratio combining (MRC) technique. This technique combines the received signal from MIMO AEs linearly using optimal coefficients [47] , [48] . The cumulative distribution function (CDF) of the MRC technique in terms of MIMO antenna parameters, i.e. ECC and MEG is given by [48] as follows:
where x is the signal to noise ratio SNR, M is the number of MIMO AEs and λ j is the eigenvalues of the covariance matrix of size M × M whose entry k i,j is given by:
where ρ e,ij is the ECC between AEs i and j, MEG i and MEG j are the MEG values of AEs i and j.
A summary of the relationships between the performance metrics are shown in Figure 4 . 
IV. RESULTS AND DISCUSSION
A. ANTENNA PARAMETERS First, the results of ecc are discussed. The number of ECC values that are evaluated at every simulated frequency point is M(M −1)/2. For brevity reasons, the maximum ECC value is selected over the entire frequency range for every increase of two AEs starting from 2 to 18. Both cases of the mobile terminal operating in free space and with a user hand were considered, and their results are presented in Table 1 . Results indicated that there is a steady increase in ECC values with M . However, the maximum ECC is 0.32 when M is 18.
Next, the efficiency of the AEs in both cases of free space and with a user hand is studied and presented in Figure 5 and Figure 6 , respectively. In free space, the efficiency of AEs changes according to their locations on the chassis and according to the number of AEs. It can be noticed that AE1 and AE2 have the highest efficiency with all different M values. The efficiency of these two AEs is around 90 % when M = 2 and reduced to 85 % and 73 % with M = 10 and 18, respectively. The other elements produced efficiency of more than 65 % when M = 10, and more than When evaluated in the proximity of the user hand, variation in the efficiency of each AE changes according to its interaction with the hand. AE2 is seen to produce the highest efficiency irrespective of the value of M, which ranges from 73 % to 55% when M = 2. its level then reduces with increasing m to be between 64 % and 43 % when M = 18.
On the other hand, AE1 exhibited a more stable variation in efficiency level with frequency in comparison to AE2, which is about 50 % (when M = 2) and 40 % (when M = 18). It can be noticed that when M = 6 and above, several AEs suffered from complete signal blockage by the user hand, which resulted in their efficiencies of as low as 5 %. Several instances of such AEs are: i) AE3 (when M = 6); ii) AE3 and AE5 (when M = 8); iii) AE3, AE5, and AE7 (when M = 10), and; iv) AE3, AE5, AE7 and AE9 (when M = 12 to18). In addition to signal blockage, AE6 is also severely affected by user hand, with an efficiency of about 32 % when M = 6. This level then steadily decreased to around 10 % when M is 18. Meanwhile, other AEs exhibited efficiency levels of above around 25 % regardless of the values of M .
It is observed that the affected AEs are located on the vertical side of the chassis due to the obstruction by the fingers holding the terminal. On the other hand, the efficiency of the other elements located on the upper and lower horizontal sides of the chassis are degraded less. This efficiency degradation observation under the influence of user hand suggests that the strategic distribution of the AEs on the chassis and the correct choice of M can be used to improve the overall performance of the MIMO terminal. Figure 7 shows the results of multiplexing efficiency (η mux ) in free space and with user hand effect. η mux curves over the entire operating frequency band (from 5 to 6 GHz) are shown in Figure 7(a) . In free space, η mux is consistently above 90 % with M = 2 throughout the operating frequency. Besides that, η mux also decreases with increasing M , resulting in the smallest free space η mux ranging from 49 % to 65 % when M = 16 and 18. On the contrary, the level of η mux with user hand with values of M = 2 and 4 is comparable with the free space η mux values with M = 16 and 18. The minimum values of η mux with user hand are as low as 13 % when M is 10 and higher (up to 18). This also implies that the contribution from the low correlation between AEs is less significant. Based on these observations, priority in optimizing the performance of MIMO antennas in such cases should be given to enhance the efficiency of AEs. Such enhancement can be done by either designing more efficient AEs using suitable topologies and materials.
For brevity reasons, the next results, i.e. ergodic capacity and MRC performance, will be discussed at the center frequency of 5.5 GHz only.
C. ERGODIC CAPACITY
The next study performed in the context of capacity performance analysis is the ergodic capacity, which is calculated according to the channel model described in Section III.B. The number of random channels realization is 50,000M, (where M is the number of AEs) to ensure that averaging the capacities of the random channels realization converges to satisfactory accuracy. All results of the ergodic capacity are calculated at a SNR value of 20 dB Figure 8 (a) shows the ergodic capacity growth with M in both cases of free space and with a user hand, with the IID capacity plotted as a reference. In free space, the capacity increased from 11.06 to 49.50 and to 83.17 bit/s/Hz with M = 2, 10 and 18, respectively. However, these values are reduced under user hand influence to 9.86, 32.38 and 57.64 bit/s/Hz, respectively. It can be seen that the user hand reduces the ergodic capacity so severely that when M = 18, VOLUME 8, 2020 the resulting ergodic capacity is of the same level as seen in the free space for M = 12.
Next, the ergodic capacity of the designed MIMO antennas and the IID capacity are compared in Figure 8 (b). The capacity (in percentage) achieved by the designed antennas is compared against the maximum possible capacity, i.e. IID capacity. In free space, the designed MIMO antenna achieved as high as 97 % of the IID capacity when M = 2, and this is reduced to 84 % when M reached 18. However, with user hand, the designed MIMO achieves 87 % from IID capacity with and M = 2, and this percentage consistently decreased down to 60 % when M is 8 and higher (up to 18). Figure 9 (a) shows the loss in ergodic capacity due to the user hand effect. Loss is calculated from the relation:
Capacity loss = c free space − c with user s hand c free space × 100 (16) The loss due to user hand starts from 11 % with M = 2 and increases to a maximum value of 38 % when M = 12 before decreasing to around 31 % at M = 18. Meanwhile, Figure 9 (b) indicates the level of ergodic capacity obtained due to every increase of two AEs from i to j, which is denoted as M i→j . The percentage of capacity increase after each additional two AEs is integrated onto the mobile terminal (from i to j) is calculated as follows:
where c i and c j are the ergodic capacities with i and j number of AEs. Increasing M from 2 to 4 almost doubled the ergodic capacity to 88 % and 82 % in free space and with a user hand, respectively. Meanwhile, when M is increased from 4 to 6, the ergodic capacity increased by 46 % and 28 % in free space and with a user hand, respectively. The level of capacity improvement continues to decrease with the further increase of M , as more capacity accumulates in the denominator of (17) . For instance, increasing M from 6 to 8 AEs in free space and with a user hand provided a capacity improvement of 30 % and 20 %, respectively, and increasing M from 8 to 10 AEs provided a capacity improvement of 25 % in free space and 17 % with a user hand. Each additional two AEs from 10 up to 18 improved the capacity by between 10 % and 21 %.
D. MRC TECHNIQUE
This section analyzes the results of the MRC technique, which MRC gain is illustrated in terms of CDF curves and is shown in Figure 10 . The CDF curves of MRC gain for all M values in free space and with the effect of user hand are first illustrated in Figure 10(a) . It is seen that the presence of the hand shifts the CDF curves to the lower values of normalized SNR. On the other hand, Figure 10 (b) shows the CDF curves of the MRC gain of individual AEs, for the case of M = 4. These AEs indicated gain performance in the same order as their efficiencies, which were illustrated in Figure 5 and Figure 6 . In free space, both AE1 and AE2 showed the same performance and the same goes for AE3 and AE4. However, with the influence of the user hand, the AEs behave differently, with AE3 most severely affected by the presence of the hand. Meanwhile, the same figure shows the concept of diversity gain, which is defined as the received signal gain of MRC relative to the highest gain among the individual AEs. Both gains corresponded to a certain CDF level, e.g. 0.1, 0.5 and 0.9. Figure 11 Next, the MRC gain and diversity gain are studied by including the losses caused by user hand. The loss is illustrated in Figure 11(b) , and is calculated in the same way as in (16) while replacing capacity values with the linear MRC gain and DG. It can be observed that the loss behavior in this figure is similar to the trend shown in Figure 9 (a) for the capacity loss, but with higher percentage values. This is mainly due to the dependence of the capacity and the MRC on the efficiency and MEG of the AEs, which are lowly related in a uniform environment, based on (5) . The loss in MRC gain starts from 39 % with 2 AEs and it reaches its maximum 70 % with 12 AEs before getting reduced to 61 % when M is 18. The effect of the user hand on DG is less compared to the absolute gain, especially with low M values. DG loss is observed to be around 15 % when M = 2 and it reached maximum value of 61 % at M = 12, before being reduced to 51 % with the highest number of M (i.e. 18).
The final result in this section shows the increase in MRC gain and MRC DG with every additional two AEs. Equation (17) is used to calculate values in Figure 12 values. Both the MRC gain and MRC DG in this figure indicated the same trend, where the increase is around 100 % and 80 % in free space and with a user hand, respectively, upon the increase of the number of AEs from 2 to 4. The growth fluctuates between 8 % and 30 % upon each additional two AEs with M values of more than 6.
V. CONCLUSION
In this paper, the performance improvement of 5G MIMO antennas on a mobile terminal is studied with every two antenna element increase up to 18 elements, both in free space and the with a user hand when held in data mode. Free space evaluation of these antennas operating in the 5G frequency band ranging from 5 to 6 GHz indicated that an 18-element configuration on the same chassis operated with an efficiency of above 50 % and ECC of less than 0.32. In addition to that, the 18-element configuration in free space resulted in a capacity of about 84 % from the IID capacity. However, it is observed that the additional capacity obtained with every two additional antenna elements is between 10 and 20 % of the previous capacity after integrating ten elements onto the same chassis. This suggests that the amount of capacity improvement increases with the additional number of antenna elements up to a certain limit, and thus optimization on this parameter needs to be decided with care. On the contrary, the efficiency of antenna elements with the influence of the user hand dropped significantly. This is due to the complete blockage of certain elements by the hand and resulted in their efficiency degradation to below 5 %. It is generally observed that the capacity achieved with the influence of the user hand is about 60 % of the IID capacity when the number of elements is eight or higher. While a MIMO system on a mobile terminal operating in this band can be designed with up to 18 elements with satisfactory performance in free space. However, the performance is considerably degraded by the user hand. Moreover, the results also indicated that this degradation becomes more severe with the higher number of antenna elements. Thus, it can be concluded from the results that emphasis should be placed on strategies to mitigate the effects of user hand to obtain the optimized performance of MIMO mobile handsets. These include the design of antenna elements that are capable of operating with better coupling immunity when operating in the vicinity of a human hand, and more importantly, distributing these elements strategically on less obstructed locations throughout the chassis to reduce the possibility hand blockage. Finally, based on the results of this study a solution can be suggested to mitigate user's body effects and maintain a satisfactory performance under different scenarios of interactions with the user's body by providing sufficient extra antenna elements on the chassis, and the device periodically selects only elements operating with efficiencies over a certain threshold (need to be defined) and ignores elements below this threshold to save system resources. However, the total number of antenna elements on the chassis needs to be examined carefully under different usage scenarios (one-hand and two-hands scenarios) so that the device will always be able to operate with the required number of antenna elements with acceptable efficiency
